Chan P-Y, Davenport PW. Respiratory-related evoked potential measures of respiratory sensory gating. J Appl Physiol 105: 1106-1113 , 2008 . First published August 21, 2008 doi:10.1152/japplphysiol.90722.2008The purpose of this study was to demonstrate a neural respiratory gating system using a paired stimuli paradigm. The N1 peak of the respiratory-related evoked potential (RREP) represents early perceptual processing of respiratory sensory information. This is similar to the N100 peak shown with tactile sensation, where the second peak amplitude (S2) of the N100 peak from the somatosensory evoked potential (SEP) was smaller than the first peak amplitude (S1) when the stimuli were presented 500 ms apart. We hypothesized that paired inspiratory occlusions would result in a reduced amplitude of the S2 N1 RREP peak amplitude, indicating respiratory central neural gating. Twenty healthy subjects (10 men and 10 women; 25.8 Ϯ 6.5 yr old) completed the paired inspiratory occlusion (RREP) trial. Thirteen of the subjects also completed the paired mouth air puffs [mouth-evoked potential (MEP) trial], and the paired hand air puffs (SEP) trial. All paired presentations were separated by 500 ms. The N1 peak amplitudes of the RREP trial and the N100 peak amplitudes of the MEP and SEP trials for S1 and S2 and the S2/S1 ratios were determined. The S1 RREP N1 peak amplitude was significantly greater than S2, and the S2/S1 ratio was 0.43. The S1 MEP and SEP N100 peak amplitudes were significantly greater than S2, and the N100 ratio was 0.49 and 0.49, respectively. These results are consistent with central neural gating of respiratory afferent input. The RREP gating response is similar to somatosensory mechanoreceptor gating. respiratory sensation; inspiratory occlusion; cerebral cortex; mechanosensation CORTICAL NEURONAL ACTIVATION, measured by the respiratoryrelated evoked potential (RREP), can be elicited by inspiratory occlusion, inspiratory resistive loads, and expiratory occlusions (11, 12) . Airway obstruction activates mechanoreceptors that project to the somatosensory cortex (28). The RREP is similar to somatosensory evoked potentials (SEPs) recorded in animals and humans (11). There is also a relationship between the inspiratory load detection threshold, magnitude estimation, and the RREP (8, 25). The RREP is only elicited when resistive load magnitudes exceed the detection threshold (8). The RREP peak amplitudes are directly related to the magnitude estimation of the resistive loads (25). These results suggest that the RREP is a neural measure of the perceptual response to respiratory loads.
respiratory sensation; inspiratory occlusion; cerebral cortex; mechanosensation CORTICAL NEURONAL ACTIVATION, measured by the respiratoryrelated evoked potential (RREP), can be elicited by inspiratory occlusion, inspiratory resistive loads, and expiratory occlusions (11, 12) . Airway obstruction activates mechanoreceptors that project to the somatosensory cortex (28) . The RREP is similar to somatosensory evoked potentials (SEPs) recorded in animals and humans (11) . There is also a relationship between the inspiratory load detection threshold, magnitude estimation, and the RREP (8, 25) . The RREP is only elicited when resistive load magnitudes exceed the detection threshold (8) . The RREP peak amplitudes are directly related to the magnitude estimation of the resistive loads (25) . These results suggest that the RREP is a neural measure of the perceptual response to respiratory loads.
The component peaks Nf, P1, N1, and P300 have been identified in the RREP waveforms. The short-latency peak, Nf, occurs approximately between 25 and 45 ms after the onset of stimulation. The frontal Nf peak is a result of neural activation in the frontal supplementary motor cortex (28) . It was also reported that the Nf peak is parallel to the somatosensory P1 activation (9) . Davenport et al. (9) suggested that Nf has a separate cortical generator in the premotor cortex independent of P1. The Nf peak is unique to the RREP as there is no peak in the SEP corresponding to the RREP Nf. The role of the Nf in cognitive processing of respiratory sensation is unclear. The Nf peak precedes the P1 peak and may be indicative of a predictive process in cognitive functioning. Davenport et al. (8) reported that the Nf peak, similar to the P1 peak, was only elicited when the resistive load was over the detection threshold, and its peak amplitudes increased with resistive load magnitude. The P1 peak latency was between 45 and 70 ms after the onset of stimulation. The P1 peak is a result of neural activation of the somatosensory cortex (28) . Davenport et al. (11) suggested that the P1 peak is an indicator of the arrival of respiratory load-related sensory information to the somatosensory cortex, similar to the limb SEP P50 peak. Knafelc and Davenport (26) found that the amplitude of the RREP P1 peak increased with the magnitude of the inspiratory resistive load. Subsequently, Knafelc and Davenport (25) confirmed this finding and also reported that the P1 amplitude increased with magnitude estimation (ME). The P1 peak is only elicited by the resistive loads that exceed the detection threshold (8) , and is abolished when background loads are applied making resistive loads undetectable (7) . The N1 peak latency was between 85 and 120 ms after the stimulus onset. The respiratory N1 peak is similar in latency and scalp location to the auditory and somatosensory evoked potential N100 peak (11, 46) . The respiratory N1 peak has not been investigated in detail, but this peak is consistently observed in the RREP studies (10, 11, 26) . Localization studies have shown the greatest N1 peak amplitude to be found at the vertex, C z (28, 45) . The scalp distribution of the N1 peak suggested an extensive activation of the somatomotor cortex (46) . Webster and Colrain (46) reported that the N1 peak amplitude increased with attention to respiratory stimuli. They suggested that the N1 is a compound peak consisting of multiple negative components, one unassociated with attention and the other related to attention. This is supported by the report that the auditory N100 peak is similarly a composite of two negative components (30) . The N1 peak may represent the triggering or gating process related to subjects attending to the stimulus, which is followed by cortical and subcortical neural activity related to cognitive processing of load information (P300). Thus we hypothesized that conscious perception of inspiratory resistive loads may be the result of gated central neural processes that are represented by both short-latency and long-latency RREP components.
The above evidence suggests that there is an intensity-based mechanism governing the postulated "gate" and dictates whether the gate opens or closes for the respiratory sensory information. It is proposed in this study that there is a frequency-based gating mechanism, which reflects the cortical response to the stimuli based on stimulus frequency. Frequency-based gating has been extensively investigated with auditory, visual, and somatosensory modalities (3, 5) . Sensory gating is defined as "a scalprecorded electroencephalographic measure that reflects reduced neural activity in response to increased stimulus redundancy (1) ." Cortical evoked potentials were recorded with modality-specific stimulation using a paired stimuli paradigm. The P50 and N100 peaks from auditory and somatosensory evoked potentials were identified as the "gating peaks" (5) . The auditory and somatosensory P50 was found to be a positive peak between 15 and 80 ms after the sensory stimulus onset (18) . The N100 is a negative peak found between 75 and 150 ms after the stimulus onset (18) . Arnfred et al. (5) reported that a paired muscle twitch lasting for 0.2 ms delivered to the median nerve with an interstimulus interval (ISI) of 500 ms elicited a somatosensory N100 peak. The N100 peak amplitude for the second stimulus (S2) was significantly reduced compared with the amplitude for the first (S1). The ratio of S2/S1 was found to be less than 0.5 in normal control subjects, which indicates the existence of somatosensory neural gating (5) . Similar results for the visual and auditory P50 and N100 peaks have been reported (5, 18, 50) . When the ISI is longer than 6 s, the P50 peak amplitudes of S2 become closer to the peak amplitudes of S1 (2, 50) . The neural activation elicited by the S2 is suppressed by S1 when the ISI is less than 6 s, indicative of stimulus frequency-dependent gating of cortical activity (2, 50) . Individuals with psychiatric disorders (e.g., schizophrenia, bipolar disorders, posttraumatic stress disorders, or anxiety disorders) that experienced "sensory flooding" have S2/S1 ratios (with 500-ms ISI) approaching 1.0, suggesting reduced gating of sensory stimuli (1, 29, 31, 34, 40) .
While respiratory sensory information can activate the cerebral cortex, eupneic breathing is normally not perceived, suggesting that respiratory neural cognitive pathways function as a gated system. If respiratory sensation follows similar pathways to somatosensory sensation, we hypothesized that gating can also be observed in the RREP with a similar paired stimuli paradigm. If the RREP is similar to the SEP, then the RREP P1 and N1 peaks should correspond to the SEP P50 and N100 peaks. Somatosensory gating can be tested with the SEP elicited by paired mechanical stimuli applied to the body, such as the hands or chest (5), and respiratory gating can be tested with the RREP elicited by paired respiratory occlusions. The purpose of this study was to investigate respiratory sensory gating using paired occlusion-elicited RREPs. It was further hypothesized that the S2 peak amplitude of the RREP P1, and N1 peak in a paired occlusion paradigm will be less than the S1 amplitude. In addition, the S2/S1 ratio of the RREP was hypothesized to be similar to the SEP. Finally, it is expected that the P1, N1, P50, and N100 peaks S2/S1 ratio will be 0.5 or less.
MATERIAL AND METHODS
This study was reviewed and approved by the Institutional Review Board at the University of Florida.
Subjects. A total of 20 subjects (10 women and 10 men) participated in the study. The mean age was 25.8 Ϯ 6.5 yr. All subjects self-reported no history of smoking or cardiovascular, respiratory, or neurological disease. The subjects were instructed to refrain from caffeine for 12 h before the experiment. The nature of the experiment was explained to the subject on arrival to the laboratory, and the subject provided written consent to participate in the study.
Pulmonary function test. All subjects were prescreened with a pulmonary function test (PFT). The forced vital capacity (FVC) was measured for the subject at least three times. The subject was instructed to respire normally for a few breaths and provide a forced expiration after a deep inspiration. The instruction was based on the American Thoracic Society Standard for spirometry testing. At least 1 min of rest was given to the subject between each test. The forced expired volume within 1 s (FEV 1) and the FVC were recorded (Jaeger Toennies, Medizintechnikmit System), and the ratio of FEV 1/FVC was used for analysis. All subjects had a FEV 1/FVC ratio greater than 80%. The R5 resistance was measured with impulse oscillometry (Jaeger Toennies, Medizintechnikmit System). The mean R5 resistance was 3.33 Ϯ 1.44 cmH 2O ⅐ l Ϫ1 ⅐ s, within the predicted value normal range for all the subjects.
Subject preparation. A scalp electrode cap based on the International 10 -20 system was positioned onto the subject's head and connected to the Grass electroencephalographic (EEG) system (Neurodata 12, Grass Instruments). Conducting paste was applied through the center of the electrode to establish electrode contact with the scalp. Bipolar electrodes were placed on the skin lateral to the canthus of the left eye for recording vertical electro-oculogram (VEOG) activity. The impedance level of each electrode was checked to ensure that it was below 5 k⍀. The scalp recording sites were F 3, Fz, F4, C3Ј, CzЈ, C4Ј, and Cz. The C3Ј, CzЈ, and C4Ј channels are located 2 cm caudal to the C3, Cz, and C4 channels. The EEG activity was band pass filtered at 0.3 Hz to 1 kHz, amplified at 50 K, digitized at 2.5 kHz, and led into an online signal-averaging computer system (model 1401, Cambridge Electronics Design). The EEG activity was referenced to the joined ear lobes. The EEG activity was monitored by the experimenter with an oscilloscope.
The subject was instructed to sit comfortably in a chair with their neck, back, arms, and legs supported. They respired through a mouthpiece with a nonrebreathing valve for the RREP and mouth evoked potentials (MEP) trials. The inspiratory port of the nonrebreathing valve was connected to a pneumotachograph (2600 series, Hans Rudolph) and an occlusion valve, screened from subject. The occlusion valve was connected to a double trigger system. The trigger control device provided an electrical output used to initiate data sample collection by the computer simultaneous with the occlusion valve closure. The mouthpiece was suspended to minimize facial muscle activity. Mouth pressure (Pm) was recorded at the center of the nonrebreathing valve by differential pressure transducer (model MP-45, Validyne Engineering). Airflow was recorded by a second differential pressure transducer connected to the pneumotachograph. The Pm and airflow were led into the online computer system (model 1401, Cambridge Electronics Design) and digitized at 2.5 kHz. Pm and airflow were also led to an oscilloscope and monitored by the experimenter. The subject was monitored by a video camera. In every trial, the subject watched a videotaped movie of their choice and ignored the stimuli. Watching a movie keeps the subject passively engaged during the recording and prevents the subject from falling asleep.
Protocol 1: paired RREP trial, paired air puff MEP trial, and paired SEP trial. Twenty subjects (10 women and 10 men) participated in the RREP trial. Thirteen of the 20 subjects participated in all trials (RREP, MEP, and SEP). The RREP was the first trial, and the sequence of the following MEP and SEP trials was randomized. For the RREP trial, the subject was prepared as described above, seated in the sound-isolated room, and respired through the nonrebreathing valve with the nose obstructed by a clip. The subject was instructed to respire as normally as possible. Subjects were informed that their breathing would be occasionally obstructed for a very brief time. The duration of each occlusion was ϳ150 ms with an ISI of 500 ms. The paired occlusion presentation was initiated manually. Activation of the occlusion trigger closed the occlusion valve for 150 ms. The occlusion valve then reopened for 500 ms, followed by a second 150-ms closure of the inspiratory port. The total duration of the paired occlusion presentation was 800 ms and occurred within a single inspiratory effort for all presentations and all subjects. The paired occlusions were applied every two to six breaths for a total of 100 paired occlusions for RREP analysis. This trial required approximately 40 -60 min.
For the MEP trial, the mouth was stimulated with positive-pressure air puffs delivered bilaterally to the buccal surface of the cheeks at the level of the third molar. The air puff was delivered via a 2.5-mm outer diameter (OD), 2.0-mm inner diameter (ID) tube anchored in the mouthpiece. The end of the tube was ϳ0.5 cm lateral to the molar. The other end of the tube was connected to the positive-pressure source, regulated at ϳ20 cmH 2O. Air puffs were delivered simultaneously, bilaterally to the buccal surface on inspiration. The first air puff was applied at the onset of the airflow for a duration of 150 ms. The ISI was 500 ms, followed by the second 150-ms air puff. A total of 256 air puff pairs was recorded for MEP analysis. This trial required approximately 20 -40 min.
For the SEP trial, the subject's right hand was placed in a fixed position in a foam chamber with a 2.5-mm OD, 2.0-mm ID tube oriented to the dorsal surface of the hand. Air puffs were delivered at a positive pressure of ϳ20 cmH 20. The open end of the tube was ϳ0.5 cm from the surface of the skin, and the other end was connected to the positive-pressure source. The hand and tube were screened from the subject's view. The first air puff was applied for a duration of 150 ms. The ISI was 500 ms followed by the second 150-ms air puff. A total of 512 air puff pairs was recorded for SEP analysis. The paired air puffs were delivered every 3 s. This trial required ϳ30 min. The differences in number of stimuli for each modality (RREP ϭ 100, MEP ϭ 256, and SEP ϭ 512) standardized the duration of the stimulation trial time based on subject's tolerance level for breathing on a mouthpiece.
Protocol 2: Paired-and late single occlusion-elicited RREP. Seven of the 20 subjects (3 women and 4 men) participated in this protocol. The second protocol was performed to control for RREPs elicited by single occlusions applied at the same inspiratory times as the paired occlusions. There were two trials: 1) paired occlusions, and 2) single occlusion applied 650 ms after the onset of inspiratory airflow. This protocol tests the hypothesis that the RREP elicited by single occlusions presented at the onset of inspiration will not be significantly different from the RREP elicited by occlusions presented in late inspiratory phase. The S1 of the paired RREP was compared with the single occlusion presented at the same time in the inspiratory phase as S2.
The setup used in this protocol was the same as the previous paired RREP recordings. In trial 1, the subject was presented 100 paired occlusions, each pair separated by two to six breaths. In trial 2, the subject was presented 100 single occlusions (150-ms duration) 650 ms after the onset of inspiratory airflow, each presentation separated by two to six breaths. The subject was allowed a 10-to 15-min break between trials.
Data analysis. An 1,100-ms epoch of the EEG activity, airflow, and Pm was sampled when the initial inspiratory obstruction was triggered. The data were stored on a disk for computer analysis (Signal 2, Cambridge Electronic Design). During offline data analysis, each data frame was reviewed, and the inclusion criteria for epochs were 1) the prestimulus EEG activity baseline (starting from 50 ms before the onset of the mouth pressure change) was stable, 2) no VEOG eyeblink activity, 3) no change of EEG activity exceeding 50 V, and 4) there was a negative Pm change for both obstruction periods. Responses to the stimuli that were confounded by artifacts were excluded from analysis. A minimum of 64 occlusion epochs were averaged to obtain the RREP. A minimum of 130 and 350 air puff epochs were averaged to obtain the MEP and SEP, respectively. The peak latencies were measured from the time of the onset of the stimulus to the peak based on the onset of pressure change. The amplitudes were measured from the baseline to peak for each component. For the RREP trials, the definition of the component peaks was based on previous reports for peak localization (9, 47) . The Nf peak was the negative peak occurring in the frontal F3 and F4 electrodes 25-45 ms after the stimulus. The P1 peak was the positive peak occurring in the central C 3Ј and C4Ј electrodes 45-70 ms after the stimulus. The N1 peak was the negative peak occurring at the vertex C z electrode 85-120 ms after the stimulus. The Nf, P1, and N1 peak latencies and amplitudes were identified in the first (S1) and second (S2) occlusions for the RREP trials. For the MEP and SEP trials, the P50 peak was the positive peak occurring in the central C 3Ј and C4Ј electrodes 40 -60 ms after the onset of the air puff stimulus. The N100 peak was the negative peak occurring at the vertex C z electrode 90 -110 ms after the onset of the air puff stimulus. The P50 and N100 peak latencies and amplitudes were identified for the first (S1) and second (S2) air puffs in the MEP and SEP trials.
The differences in latencies and amplitudes between S1 and S2 were compared for each peak independently for the RREP, MEP, and SEP. The statistical analysis was performed using the repeated measures one-way ANOVA (RMANOVA) with post hoc analysis to determine the effect of the paired stimuli. If the normality test failed, a Friedman RMANOVA on ranks was performed. The significance level was set at P Ͻ 0.05. For protocol 2, the latencies and the amplitudes of the S1 and S2 in the paired RREP and the late single obstruction-elicited RREP were compared using RMANOVA. Tukey post hoc analysis was performed for paired comparisons. The significance level was set at P Ͻ 0.05.
RESULTS

Protocol 1: paired occlusion-elicited RREP, air puff MEP, and SEP.
The occlusion pairs occurred within the same inspiratory phase for all subjects (Fig. 1A) . There was no significant difference in the change of mouth pressure for S1 and S2 occlusions ( Table 1 ). The S1 occlusion elicited the Nf peak in the frontal region, the P1 peak in the central region, and the N1 peak at the vertex (Fig. 1B) . The S2 occlusion elicited the same peaks (Fig. 1B ) with no significant difference in peak latencies ( Table 1 ). The S2 peak amplitudes (Table 2) for Nf, P1, and N1 peaks were significantly less than S1 (Fig. 2A) . The S2/S1 ratios for Nf were 0.84 Ϯ 0.29 and 0.81 Ϯ 0.33 for F 3 and F 4 , respectively. The S2/S1 ratios for P1 were 0.61 Ϯ 0.27 and 0.65 Ϯ 0.26 in the C 3 Ј and C 4 Ј channels, respectively. The ratio for the N1 peak was 0.43 Ϯ 0.28. The S2/S1 ratio for the N1 peak was significantly less than Nf (df ϭ 4, chi square ϭ 19.5) but not significantly different from P1. The S2/S1 ratio for P1 was also not significantly different from Nf.
The S1 air puff presented to the buccal surface of the mouth elicited a P50 peak bilaterally at C 3 Ј and C 4 Ј in the central region, and an N100 peak at the C z vertex (Fig. 1C) . The S2 air puff elicited the same peaks (Fig. 1C ) with no significant difference in peak latencies ( Table 1 ). The S2 peak amplitudes for P50 and N100 peaks were significantly (Table 2) less than S1 (Fig. 2B) . The S2/S1 ratios for P50 peak were 0.57 Ϯ 0.31 and 0.54 Ϯ 0.29 for the C 3 Ј and C 4 Ј channels, respectively; S2/S1 ratio for the N100 peak was 0.49 Ϯ 0.21.
The S1 air puff presented to the hand elicited a P50 peak in the contralateral C 3 Ј central region, and an N100 peak at the C z vertex (Fig. 1D) . The S2 air puff elicited the same peaks ( Fig.  1D ) with no significant difference in peak latencies ( Table 1) . The S2 peak amplitudes for P50, and N100 peaks were significantly (Table 2 ) less than S1 (Fig. 2C) . The S2/S1 ratios for P50 peak were 0.52 Ϯ 0.34 for the C 3 Ј channel. The S2/S1 ratio for the N100 peak in the C z channel was 0.49 Ϯ 0.22.
There was no significant difference between the S2/S1 ratio for the N1 and N100 peaks of the RREP, MEP, and SEP (Fig. 3) .
Protocol 2: early and late inspiratory obstruction elicited RREP (n ϭ 7). The maximal Pm change for S1, S2 and the single late inspiratory occlusions were not significantly different ( Table 1 ). The mean latencies for Nf, P1, and N1 peaks were not significantly different between S1, S2, and single late inspiratory occlusions (Table 1 ). There was no significant difference between Nf, P1, and N1 peak amplitudes for the S1 and single late inspiratory occlusions (Fig. 4) . The S1 and late single inspiratory peak amplitudes were significantly greater than S2 for the Nf (P Ͻ 0.05; df ϭ 2, F ϭ 7.466 and 6.235 in the F 3 and F 4 channels, respectively), P1 (P Ͻ 0.05; df ϭ 2, F ϭ 6.967 in the C 3 Ј channel), and N1 peak (P Ͻ 0.05; df ϭ 2, chi square ϭ 10.571 in the C z channel) (Fig. 4) .
DISCUSSION
The results of this study demonstrated that the paired inspiratory obstruction paradigm with a 500-ms ISI can be presented within a single inspiration and elicits RREPs for both S1 and S2. The pressure stimulus is the same for S1 and S2, suggesting that any difference in RREP amplitudes was a function of neural processing, not stimulus magnitude. The S2 occlusion resulted in a decrease in RREP peak amplitudes that was specific to the presence of the S1 stimulus. The RREP was Fig. 1 . A: mouth pressure with paired inspiratory occlusions (S1 and S2) for an individual subject. Both occlusions occurred within a single inspiratory cycle. Ordinate is the Pm change (in cmH2O), and abscissa is the time course (in s). B: the averaged respiratory-related evoked potentials (RREPs) elicited with paired occlusions for an individual subject. The interstimulus interval (ISI) was 500 ms. The Nf peaks are presented in the F3 and F4 channels, the N1 peak is presented in the Cz channel, and the P1 peaks are presented in the C3Ј and C4Ј channels. The bottom trace is the averaged Pm. C: the averaged mouth-evoked potential (MEP) trace elicited by paired air puff stimulation to the bilateral buccal surface of the cheeks. The P50 peak was presented in the C3Ј and C4Ј channels, and the N100 peak was identified in the Cz channel. The bottom trace is the trigger channel used as the reference for measuring the peak latencies. D: the averaged somatosensory-evoked potential (SEP) trace elicited by paired air puff stimulation to the right dorsal hand. The P50 peak was represented contralaterally in the C3Ј channel, and the N100 peak was identified at the Cz channel. The bottom trace is the trigger channel used as the reference for measuring the peak latencies. Values are means Ϯ SD. Pm, mouth pressure; RREP, respiratory-related evoked potential; MEP, mouth-evoked potential (mouth air puff trial); SEP, somatosensory evoked potential (hand air puff trial); S1 and S2 are the first and second of the paired stimuli, respectively. Late is the single late inspiratory occlusion elicited RREP. measured to test respiratory sensory gating, whereas the MEP and SEP were measured to compare central neural gating in different modalities. The MEP provides evoked potential results for specific mechanoreceptors in the mouth, which is a component of extrathoracic air conducting pathway. The hand SEP provides evoked potential results for nonrespiratory mechanoreceptors. Stimulation of all three mechanoreceptor modalities elicited somatosensory evoked potentials. The RREP paired occlusion response was similar to the other somatosensory modalities (i.e., mouth and hand). The S2/S1 ratio was similar across all modalities and consistent with the gating of mechanoreceptor activation of the cerebral cortex.
The ISI of 500 ms was used because this duration was demonstrated in auditory and somatosensory modalities as the optimum ISI for paired stimuli paradigms (5, 24) . It is apparent that the 500-ms interval is short enough to accommodate two stimuli in one inspiratory cycle and also long enough for the cortex to generate the second RREP. Paired acoustic stimulation paradigms have shown that ISI equal to or greater than 6 s results in almost no inhibition of the S2 evoked potential response (2, 50) . A shorter than 500-ms ISI may result in greater inhibition of the S2 RREP response.
The S2 RREP response had a smaller amplitude than S1 with equal stimulus magnitude. The S2 RREP response cannot be a result of different inspiratory occlusion stimulus magnitudes because there was no difference in the Pm change ( Table 1) . The S2 RREP response also cannot be a result of the presentation time within the inspiratory cycle because the Pm and RREP peak amplitudes were not significantly different from S1 Fig. 2 . A: group averaged RREP Nf, P1, and N1 peak amplitudes (mean Ϯ SD) for S1 and S2. The Nf peak amplitude for S1 and S2 is for the F4 channel. The P1 peak amplitude for S1 and S2 is for the C4Ј channel. The N1 peak amplitude for S1 and S2 is for the Cz channel. *Significant difference (P Ͻ 0.05) between S1 and S2 for each peak. There was a significant reduction of the S2 amplitude for Nf, P1, and N1 peaks. B: group averaged MEP P50 and N100 peak amplitudes (mean Ϯ SD) for S1 and S2. The P50 peak amplitude for S1 and S2 is for the C3Ј channel. The N100 peak amplitude for S1 and S2 is for the Cz channel. *Significant difference (P Ͻ 0.05) between S1 and S2 for each peak. There was a significant reduction of the S2 amplitude for P50 and N100 peaks. C: group averaged SEP P50 and N100 peak amplitudes (mean Ϯ SD) for S1 and S2. The P50 peak amplitude for S1 and S2 is for the C3Ј channel. The N100 peak amplitude for S1 and S2 is for the Cz channel. *Significant difference (P Ͻ 0.05) between S1 and S2 for each peak. There was a significant reduction of the S2 amplitude for P50 and N100 peaks. Values are means Ϯ SD. *Significant difference between S1 and S2 (P Ͻ 0.05).
when single occlusions were presented at the same time in the breath phase as S2. Our findings indicated that the RREP Nf, P1, and N1 peaks were present with the same latencies for S1 and S2, and only the amplitudes were significantly reduced for S2. This suggests that with the same stimulation modality (i.e., inspiratory interruption), the time required for cortical neuronal activation was also the same for S1 and S2. This means that the decreased RREP peak amplitudes for S2 were due to the central neural response to the preceding S1 occlusion.
The RREP N1 and SEP N100 peaks in this study are consistent with the results reported previously (19, 36) . The auditory-evoked response (AEP) and SEP N100 peaks have been extensively studied and are a negative voltage change occurring between 90 and 110 ms after the stimulus onset (5, 16, 33) . The auditory N100 peak was suggested to be a marker for sensory adaptation and therefore has been used as a measure of gating (16) . Previous studies have also demonstrated that paired auditory and somatosensory stimuli elicited decreased S2 N100 peak amplitude, indicating sensory habituation of the S2 response (5, 33) . The N1 peak is consistently observed in the RREP studies and is similar in latency and scalp location to the auditory and somatosensory N100 peaks (9) . The reduction of the S2 RREP N1 peak and the SEP N100 peak amplitudes in this study suggests that respiratory sensory gating is similar to cutaneous somatosensory gating.
The RREP P1 peak was reported to be indicative of sensory information arrival in the somatosensory cortex (9) . This peak has been consistently observed in RREP studies and is similar to the P50 peak of the SEP (8, 11, 25, 26, 49) . The P50 peak has been used extensively to investigate central neural gating in AEPs (3, 5, 6, 15, 16, 31, 33) . The P50 peak was consistently shown to have reduced amplitudes for the S2 in normal adults when applying paired auditory stimulation paradigms. In this study, the S2 P1 and P50 peak amplitudes were reduced in all modalities, confirming that the signals that arrived in the somatosensory cortex were attenuated, suggesting central neural gating. While the RREP P1 peak amplitude in this study was reduced for S2 occlusions, the percent decrease in S2 P1 amplitude was less than for the RREP N1 peak. This suggests that the S1 conditioning occlusion has a greater modulation of the N1 peak than the P1 peak. This may be due to N1 representing perceptual neural mechanism (2nd-order processing) while P1 represents primary somatosensory cortical activation.
The Nf is a unique peak observed in the RREP but not in the cutaneous SEP (Fig. 1, C and D) . Investigators have suggested that this frontal peak is elicited by a parallel sensory projection to the premotor cortex (9, 28) . In the present study, the S2 Nf peak amplitude was weakly affected by the S1 conditioning occlusion (i.e., S2/S1 ratio is greater than 0.8). The result of this study supports the suggestion that the activation of the premotor cortex by respiratory mechanoreceptor stimuli is less inhibited by preceding afferent activation than the somatosensory cortex. The throughput of the S2 sensory information is gated into the somatosensory cortex (P1) and weakly gated into the frontal premotor cortex (Nf). However, the neuromechanisms mediating the generation of the Nf peak are unknown, and hence the reason for a higher Nf ratio (compared with P1 and N1 ratios) remains unknown.
The mouth air puffs used in the MEP are the same type of direct mechanical stimulation as skin air puff in the SEP. The MEP P50 and N100 peaks reported in this study were similar to the SEP in latencies and amplitudes. The MEP and SEP represent similar activation in the somatosensory cortex. The reduced amplitude of S2 N100 peaks and the S2/S1 ratio in the paired MEP and SEP are consistent with central neural gating of mouth and skin somatosensory mechanosensation (5, 33) .
The reduced S2 cortical activation in this study is probably due to an inhibitory effect of S1 at the subcortical level acting on the throughput of the second stimulus depending on the ISI. Although the neural anatomic site responsible for respiratory gating has not been investigated, some areas such as the hippocampus have been studied for auditory gating (20) . Although the hippocampus is not the primary sensory processing area, this structure deals with interpreting the significance of sensory stimuli as well as memory formation. The hippocampus also orients the organism to its environment (39) . Some studies suggest that the CA1 region of the hippocampus is responsible for determining what incoming sensory information is to be processed (23), while others did not find the CA1 region to be critical for sensory gating (44) . In a paired stimulus paradigm, whether with respiratory, somatosensory, Fig. 3 . Group averaged (mean Ϯ SD) S2/S1 ratio of the RREP N1, MEP N100, and SEP N100 peaks. There were no significant differences. Fig. 4 . Group averaged (mean Ϯ SD) RREP Nf, P1, and N1 peak amplitudes for the S1, S2, and late (L) inspiratory occlusion in 7 subjects. The averaged Nf amplitudes for S1, S2, and L are for the F3 channel. The averaged P1 amplitudes for S1, S2, and L are for the C3Ј channel. The averaged N1 amplitudes for S1, S2, and L are for the Cz channel. *Significantly greater than S2 (P Ͻ 0.05) peak amplitude for S1 and L. NS, not significant. or acoustic stimuli, the fact that the response to the second stimulus decreases suggests that the brain undergoes a simple learning procedure to suppress perception of the redundant stimuli (35) . With an animal model experiment, Freedman et al. (1996) also found complete suppression of the response of hippocampal pyramidal neuronal action potentials to the second acoustic stimulus (15) .
Some studies have suggested the thalamus is the most likely candidate of the "gate" (4, 13, 17, 43) . Aguilar and CastroAlamancos (4) examined the receptive fields of single cells in the ventroposterior medial thalamus (VPM) of rats and found that the VPM is more responsive to a principal whisker and adjacent whiskers at aroused states. Similarly, Zhang and Davenport (48) have reported that the ventroposterior lateral (VPL) thalamus is activated when respiratory mechanoreceptors are stimulated but not during spontaneous breathing. In addition, Davenport et al. (8) reported that the RREP is only present when respiratory stimulation (e.g., load) is above the detection threshold of the subject. The above evidence has suggested that a gate existed to filter information from the brain stem to higher cortical centers for sensory awareness. This study, using paired stimuli, demonstrated that temporal sensory gating is present for respiratory loads. In somatosensory information processing, incoming stimuli reach the thalamus, which projects to the amygdala and the sensory cortex (21, 37, 42) . The sensory cortex also has projections to the hippocampus and amygdala to generate emotional responses and subsequent behaviors. It is known the amygdala also has projections to the thalamus or sensory cortex (27, 41) . It has been demonstrated that emotional status and habituation can modulate sensory gating (5, 18) . The fact that the amygdala and the hippocampus are closely related to emotion, learning, and memory suggests that the limbic system can mediate sensory gating before the information arrives in the somatosensory cortex.
Mechanosensory information is relayed by peripheral mechanoreceptors through the brain stem and subcortical levels to the cortex. Acoustic stimuli paired with tactile stimuli demonstrated that acoustic prepulse inhibition is not due to instrinsic refractory period (33) . The reduced S2 peak amplitudes cannot be a function of inhibition at the cortical level because no corresponding neural activation was observed at the cortical level in the RREP, MEP, and SEP waveforms. An explanation for reduced S2 peak amplitudes in the paired stimulation paradigm is that the subcortical level will undergo a refractory period immediately after a stimulus is relayed to the cortex. This may be done by inhibitory control of the cortical synapses at the subcortical level. Once the subcortical neurons recover, they can be activated again. The next sensory stimulus can be perceived fully by the cortex. If the second sensory stimulus is given too soon after the first stimulus, the impulse may be inhibited. The present study investigated the temporal phase of central neural respiratory gating (i.e., stimulus frequency). However, sensory gating may also be affected by stimulus intensity. The S1 and S2 stimulus intensities were not varied in this study. It is possible that a change in S1 or S2 magnitude may modulate peak amplitudes of the paired evoked potentials.
Deficits in sensory gating represented by altered S2/S1 ratios have not been studied in respiratory sensation. Excessive respiratory gating may be one explanation why a subpopulation of children with life-threatening asthma lack the RREP P1 peak (10, 14, 32 ). This lack of sensory information arrival in the cortex suggested an altered central neural processing of respiratory neural information (10, 14) . The sensory information may have been transduced from the afferent systems through the brain stem to the subcortical level; however, the information was filtered out of the cortex and not cognitively perceived. This suggests that the subgroup of children with lifethreatening asthma have a deficit for "gating in" respiratoryrelated sensory information. Reduced sensory gating, increased S2/S1 ratio, has been reported in patients that experienced sensory flooding (20) . Patients with anxiety disorders have been reported to have an increased S2/S1 ratio for auditory and somatosensory P50 and N100 peaks (29, 31) . Patients with chronic respiratory diseases such as asthma have been reported to have an increased incidence of anxiety disorders (22, 38) . This suggests an increased S2/S1 ratio for the RREP P1 and N1 peaks may be a marker of respiratory-related anxiety disorders. This remains to be investigated.
